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Abstract 

Multiple Sclerosis (MS) is a neurodegenerative autoimmune disorder caused by chronic inflammation and demyelination 
within the central nervous system (CNS). Clinical studies in MS patients have demonstrated efficacy with B cell targeted 
therapies such as anti-CD20. However, the exact role that B cells play in the disease process is unclear. Activation Induced 
cytidine deaminase (AID) is an essential enzyme for the processes of antibody affinity maturation and isotype switching. 
To evaluate the impact of affinity maturation and isotype switching, we have interrogated the effect of AID-deficiency 
in an animal model of MS. Here, we show that the severity of experimental autoimmune encephalomyelitis (EAE) induced 
by the extracellular domain of human myelin oligodendrocyte glycoprotein (MOG1-125) is significantly reduced in 
Aicda deficient mice, which, unlike wild-type mice, lack serum IgG to myelin associated antigens. MOG specific T cell 
responses are comparable between wild-type and Aicda knockout mice suggesting an active role for antigen experienced 
B cells. Thus affinity maturation and/or class switching are critical processes in the pathogenesis of EAE. 
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Introduction 

MS is a chronic demyelinating disease in which the 
myelin of the CNS is the target of an autoimmune 
process [1]. B cells may play an important role in the 
pathogenesis of several human autoimmune diseases 
including MS [reviewed in [2]]. B cells are efficient 
antigen presenting cells (APCs) that can activate 
and provide T cell help to mount effective immune 
responses [3], B cells can also produce cytokines to 
modulate the inflammatory response [4,5]. Addition- 
ally, autoantibodies can result in immune-mediated 
tissue destruction in experimental models [6-13]. 
The oligoclonal bands identified from cerebrospinal 



fluid of MS patients are composed of immunoglobulins 
and recent studies have suggested that their presence 
may be a biomarker for prognosis and/or subtypes of 
MS [14,15]. 

Supporting this notion, B cells found in the CNS 
of MS patients have been shown to be clonally related, 
exhibit a plasmablast phenotype and have undergone 
affinity maturation, implicating antigen driven B cell 
responses in MS [16]. IgG specific for myelin 
oligodendrocyte glycoprotein (MOG) have been 
demonstrated in MS patients [17,18]. In an attempt 
to block these various effector functions, therapies 
aimed at modulating B cells and immune responses 
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are in various stages of preclinical and clinical research 
[reviewed in [2]]. Rituximab, a monoclonal antibody 
that selectively depletes CD20 expressing B lympho- 
cytes, is approved for rheumatoid arthritis (RA) and 
can reduce MS symptoms [19]. 

In B cells, activation induced cytidine deaminase 
(AID) is essential for isotype switching and affinity 
maturation of immunoglobulins [20]. Through 
somatic hypermutation (SHM), AID introduces 
single point mutations at high frequency into the 
variable regions of the rearranged Ig heavy and light 
chains to generate high affinity antibodies [21]. 
Through class switch recombination (CSR), the Cm 
heavy chain constant region is exchanged for Ca, Cg or 
Ce to produce IgA, IgG or IgE. Each class of Ab has a 
different effector function increasing the versatility of 
the Abs made by a B cell [21]. Increased expression 
of AID has been observed in inflammatory diseases 
including RA [22] allergic rhinitis [23], Sjogren's 
syndrome [24], as well as several B cell lymphomas [25] . 

The role of AID in the pathogenesis of autoimmune 
diseases has been documented in experimental models. 
Inactivation of the Aicda gene in the MRL/lpr mouse 
model of systemic lupus significantly enhances survival 
[26,27]. BXD2 mice, which are also autoimmune 
prone, over-express AID, produce pathogenic auto- 
antibodies and develop severe arthritis and glomerulo- 
nephritis [28] all of which can be suppressed by 
transgenic expression of a dominant negative AID [29] . 

In this study, we aimed to specifically test the role of 
AID in the pathogenesis of recombinant human 
myelin oligodendrocyte glycoprotein (rhMOG) EAE 
[30]. Our results demonstrate that in the absence 
of AID, rhMOG-EAE is profoundly attenuated 
suggesting that AID-dependent events such as affinity 
maturation and isotype switching are critical processes 
involved in the EAE pathogenesis. Accordingly, we 
show that MOG specific, high affinity IgG are 
abundant in WT mice with EAE and that serum 
IgGl from these mice bind to brain tissue, whereas 
such antibodies are below the limit of detection in 
Aicda deficient mice. 



Materials and Methods 

Animals 

All animals used in this study were housed and 
maintained at Genentech in accordance with 
American Association of Laboratory Animal Care 
guidelines. All experimental studies were conducted 
under protocols (#12-1009 and subletters) approved 
by the Institutional Animal Care and Use Committee 
of Genentech Lab Animal Research in an AAALACi- 
accredited facility in accordance with the Guide for 
the Care and Use of Laboratory Animals and 
applicable laws and regulations. B cell deficient 
(uMT KO) animals were purchased from Jackson 



Laboratories (Bar Harbor, ME; colony #002288) 
along with control WT animals (colony #000664). 

Generation of Aicda deficient mice 

The construct for targeting the C57BL/6 Aicda 
locus in ES cells was made using a combination of 
recombineering as well as standard molecular cloning 
techniques [31,32]. Briefly, a 8755bp fragment 
(assembly NCBI37/mm9, chr6: 122,508,416- 
122,517,170) from a mouse BAC (RP23-470E2) 
was first retrieved into plasmid pBlight-TK [31]. 
Second a 940 bp loxP-em7-kanamycin-loxP cassette 
was inserted upstream of exon 3 between position 
chr6:122,510,801 and 122,510,802. Correctly 
targeted plasmid was transformed into arabinose- 
induced SW106 cells [33,34] to remove kanamycin 
and leave behind a single loxP site. Finally, an 
frt-PGK-em7-Neo-BGHpA-frt-loxP cassette was 
inserted downstream of exon 3 between position 
chr6:122,51 1,674 and 122,511,675, resulting in the 
Aicda targeting targeting vector. The final vector was 
confirmed by DNA sequencing. 

The Aicda vector was linearized withNotl, C57BL/6 
ES cells were targeted using standard methods (G4 1 8 
positive and gancyclovir negative selection), and 
positive clones were identified using PCR and 
TaqMan® analysis. Correctly targeted ES cells were 
transfected with a Cre plasmid to remove Neo and 
create the Aicda KO allele. Aicda KO ES cells were then 
injected into blastocysts using standard techniques, 
and germline transmission was obtained after crossing 
resulting chimaeras with C57BL/6 females. 

Production of human MOG 

Recombinant human MOG was expressed and 
purified as previously described [35,36]. Briefly, the 
protein was expressed in inclusion bodies in Escher- 
ichia coli and processed under denaturing conditions. 
The resulting material was purified and refolded on- 
column using Ni-NTA-superflow resin (Qiagen, 
Carlsbad, CA). Endotoxin was removed from the 
protein by incorporating a 0.1% Triton X-114 wash 
step prior to applying the glutathione redox buffers for 
refolding. The eluted protein was then dialyzed into 
100 mM sodium phosphate buffer pH8.0. Purity of 
the obtained preparation was verified by SDS-PAGE 
and the protein's molecular weight was confirmed by 
mass spectrometry. 

EAE induction and clinical scoring 

EAE was induced in 8- 12-week-old female animals 
using recombinant human myelin oligodendrocyte 
glycoprotein (MOG) [35] and complete freunds 
adjuvant as previously described. Briefly, animals 
were injected subcutaneously on the back with a 
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200 microliter emulsification of 50-100 micrograms 
of recombinant human MOG 1-125 in incomplete 
freund's adjuvant supplemented with 8 mg/ml 
mycobacterium tuberculosis (Difco Laboratories, 
Detroit, MI). The final dose of mycobacterium 
tuberculosis per mouse was 800 ug. Animals were 
also injected with 200 ng pertussis toxin immediately 
after immunization and again 48 hours later. Clinical 
scoring of disease was performed 3 times per week 
starting at day 9. Animals were assessed based on a 
5-point system: 0 = no clinical disease, 1 = loss of 
tail tone only, 2 = mild monoparesis or paraparesis, 
3 = severe paraparesis, 4 = paraplegia and/or quad- 
raparesis, and 5 = moribund or death. 

Histopathology 

Brain and spines were fixed in 10% neutral buffered 
formalin. Tissues were decalcified, trimmed and 
processed to 4 (xm sections stained with H + E. 
Microscopic examination was performed on 4 coronal 
sections of brain from each animal. Microscopic 
examination of spine, including spinal cord at three 
levels (cervical, thoracic and lumbar) was performed on 
2 to 4 transverse sections from each level for each 
animal. Lesions were scored according to severity on a 
scale of 0 (no lesions) to 3 (severe). Average lesion 
severity across all sections examined was compared 
across groups and graphed using Aabel software v3.0.6. 

Detection of brain tissue binding IgG in EAE derived sera 
by immunofluorescence 

A brain sample collected from a SCID mouse (to 
avoid interference with endogenous immunoglobulin) 
was frozen in OCT (Tissue-Tek, Cat#4583, 
Torrance, CA) [37]. Sections were cut on a cryotome 
and briefly fixed in cold acetone. Sections were probed 
with sera collected at terminal sacrifice of mice 
induced with MOG to produce EAE. Mice rep- 
resented Aicda. wt, Aicda.ko, uMT.wt and uMT.ko 
genotypes. Normal mouse serum at 1:20 was used as a 
control. Sera were diluted 1:20 in PBS and incubated 
for 60 minutes at room temperature. After washing 
with PBS, binding of IgGl or IgM on brain tissue was 
detected using IgGl and IgM specific secondary 
antibodies (Invitrogen, A2 1 1 2 1 and A2 1 042; 5 ug/ml) 
conjugated to Alexa Fluor 488. Slides were imaged in 
a region rich in myelinized white matter (brain stem at 
the cerebellar peduncle) using identical acquisition 
conditions. Images were examined for presence or 
absence of white-matter associated fluorescent signal 
without image modification. 

Flow cytometry 

Single cell suspensions were prepared from draining 
lymph nodes (DLNs). Cells were stained with FITC- 



conjugated anti-CD44, PE-conjugated anti-CD4, 
PerCp conjugated anti-CD8 and APC-conjugated 
anti-CD62L (BD Biosciences, San Jose, CA). Cell 
acquisition was performed on a FACScalibur (Becton 
Dickinson, Mountain View, CA) and data was 
analyzed with Flowjo software (Ashland, OR). Isotype 
switching analysis was performed as described 
previously [38]. 

In vitro cytokine assay 

Ten days after immunization, draining lymph node cells 
were isolated and cultured in 96-well fiat-bottom 
plates at a concentration of 5 X 10 cells/well in 
complete RPMI 1640 medium that contained 10% 
heat-inactivated FCS, 1 mM glutamine, 1 % penicillin- 
streptavidin, 1 mM nonessential amino acids, and 
5 X 10~ 5 M 2-ME with various concentrations of 
recombinant human MOG protein (0, 2, 10 and 
50 ug/ml) or MOG 35 _ 55 peptide (0, 1, 5, and 25 ug/ml). 
Supernatants were collected 4 days after culture for 
cytokine detection by luminex (BioRad, Hercules, CA) . 

Detection of antibodies by ELISA 

Serum samples were collected before and 28 days after 
immunization. For detection of anti-rMOG and anti- 
MOG35-55 peptide autoantibodies, ELISA plates 
(Dynex Technologies, Chantilly, VA) were coated with 
rMOG (5 ig/ml) or MOG35-55 peptide (100 ug/ml) 
in PBS. Plates were washed with PBS/0.05% 
Tween-20 and blocked with PBS/0.1% BSA. Serum 
samples were diluted at various concentrations and 
bound antibodies were detected with AP-conjugated 
goat anti-mouse IgG and AP-conjugated goat anti- 
mouse IgM (Southern Biotechnology Associates, 
Birmingham, AL) using 1-step PNPP substrate 
(Thermo Scientific, Rockford, IL). The OD was 
measured at 405 nm by a SpectraMax 250 Microplate 
Reader (Molecular Devices, Menlo Park, CA). 
Experimental values were normalized to mixed day- 
28 sera of WT immunized mice for IgG antibodies and 
to mixed day 28 sera of Aicda KO immunized mice for 
IgM antibodies (arbitrarily defined as 100 U). 

Anti-rhMOG-specific IgM assay 

For measurement of anti-rhMOG-specific IgM in 
mouse serum, 96-well microtiter ELISA plates were 
coated overnight at 4°C with various rhMOG 
concentrations in a carbonate buffer. Plates were 
washed, blocked with 200 (xL ELISA assay diluent 
with BSA for 1-2 hours at room temperature and 
washed. Normalized 0. 1 mg/ml of total IgM from 
diluted mouse serum were added and incubated for 
2 hours at room temperature. The plates were washed 
three times and incubated with HRP-conjugated goat 
anti-mouse IgM-specific antibody for 30 min. 
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After washing three times, bound enzyme was 
detected with the same steps as described below. For 
measurement of total mouse IgM in serum, 96-well 
microtiter ELISA plates (Greiner, Germany) were 
coated overnight at 4°C with 2 |xg/ml Goat F(ab') 2 
anti-mouse Ig (SouthernBiotech) in a carbonate 
buffer (pH 9.6). Plates were washed, blocked with 
200 |jlL ELISA assay diluent with BSA for 1-2 hours 
at room temperature and washed. Diluted mouse 
serum samples or mouse IgM standards (BD 
Biosciences) were added and incubated for 2 hours 
at room temperature. Total mouse IgM levels were 
quantitated using HRP-conjugated Goat anti- 
mouse IgM-specific antibody (Invitrogen) for 
30min. After washing three times, bound enzyme 
was detected by addition of 100(xL/well TMB 
substrate (BioFX Laboratories) for 5 minutes. The 
reactions were stopped by adding lOOuL/well of 
stop reagent (BioFX Laboratories) and detection of 
color atA 650nm . 

Surface plasmon resonance 

Surface plasmon resonance (SPR) was run on a 
Biacore 3000 (GE healthcare, Piscataway, NJ) at 25°C 
using recombinant MOG (described previously) 
amine-coupled to a Biacore CM5 sensor chip at 
2,500 response units (RU) and a reference flow cell 
with human IgG amine-coupled at 5,000 RUs. 



Injection flow rates were 5 ul/min and sensors were 
regenerated using lOmM glycine pH 2.0 for 30 
seconds at a flow rate of 30 ul/min. Serum samples 
were used diluted 1:100 in HBS-P buffer (0.01 M 
Hepes, pH 7.4, 0.15 M NaCl, 0.005% Surfactant 
P20). Anti-mouse IgM (Southern Biotech, cat# 
1140-01), anti-mouse IgG2a (Southern Biotech, 
cat# 1080-01), and anti-mouse IgGl (Southern 
Biotech, cat# 1070-01) were used at 12.5ug/ml 
diluted in HBS-P buffer. For the blocking study, 
recombinant MOG (2 uM) was incubated with 1:100 
diluted serum (Day 28, WT) for 1 hr before injection 
over the sensor. 



Results 

Generation and characterization of Aicda-deficient mice 

The targeting strategy used to generate ^'ciia-deficient 
mice in C57BL/6 background is depicted in Figure 1 A. 
The deletion of exon-3 removes the majority of the 
catalytic domain of the Aicda gene and renders the 
transcript out of frame. To assess the effect on class 
switch recombination (CSR), splenocytes were stimu- 
lated with a combination of LPS and IL-4 for 4 days, 
followed by FACS analysis for isotype usage. This 
regimen promotes class switching from (x to yl. Wild- 
type (WT) splenic B cells were 25% IgGl + whereas 
AID-deficient splenocytes yielded negligible IgGl + B 
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Figure 1 . Generation and functional characterization of Aicda deficient mice. A) Gene targeting strategy used to delete the catalytic domain 
(exon-3) of Aicda locus. The structure of the AID domains is shown in top. The location of the homology arms in the targeting vector is 
indicated. The schematic of targeting construct used to delete the catalytic domain of AID (exon-3) is shown in the middle. The solid triangles 
represent Cre recombination sites and the Neomycin cassette was subsequently removed by expression of Cre-recombinase. Representative 
WT or KO PCR products using 3' or 5' arm analysis at the Aicda locus is shown in the right panel. The size of Aicda KO PCR product is 
indicated and corresponds to the modified locus. Notice that one primer is located in the Neomycin cassette and therefore only detects the 
targeleA Aicda locus. B) FACS analysis of LPS/IL4 stimulated WTor AID KO B cells in vitro. Percentage of IgM or IgGl are indicated in each 
quadrant. B220-FITC is used as a B-cell marker. 
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Figure 2. A'ofa-deficient {Aicda KO) and uMT-deficient (uMT KO) are resistant to rhMOG induced EAE. Development of EAE in Aicda 
KO and uMT KO animals (A) and average daily clinical score (B; p < 0.0001 by Oneway Dunnet's test for Aicda KO as compared to Aicda 
WTandp < 0.0001 for uMTKO and compared to uMTWT). Immunohistochemistry of spinal cord, lumbar. D, F: Aicda.wt (1-1630). E, G 
Aicda KO (2-1613). Mild superficial myelinopathy characterized by polymicrocavitation of myelin (arrowheads) and sparse leptomeningeal 
collections of mononuclear cells (arrows) are consistent with mild, subacute to chronic EAE. Corresponding lesions are absent in a 
representative section from an Aicda KO animal. Bar = 200 (Jim D, E); 50 (Jim F, G). WM = white matter; GM = gray matter. Boundary 
between gray and white matter outlined with dashed line. 



cells (Figure IB). Thus the deletion of exon-3 
completely abrogates isotype switching in mouse 
B cells as expected [20]. 

Aicda-deficient mice show decreased susceptibility to 
rhMOG-induced EAE 

Full or partial length recombinant antigens produced 
in E. coli present an opportunity to involve B cells in 
the EAE disease model. These antigens have three 
dimensional structures and have been shown to be 
bound by antibodies in their native conformation 
[39-41]. Strikingly, uMT-deficient animals are 
resistant to disease induction with recombinant 
MOG protein (1-125) but susceptible to MOG 
peptide 35-55 induced EAE [42,43]. To determine 
whether or not AID plays a role in this resistance to 



rhMOG induced EAE, we immunized a cohort of 
animals containing wild-type and uMT-deficient mice 
(Jackson Labs) and Aicda wild-type and Aicda- 
deficient mice (bred at Genentech) . 

In these experiments, the incidence of disease 
was significantly reduced in animals deficient for 
either uMT (25% of the animals become sick) or AID 
(10%) as compared to wild-type controls (100%; 
Figure 2, Table 1). Detailed histopathology analysis of 
EAE CNS lesions revealed that both ^'cda-deficient 
and uMT-deficient animals are nearly devoid of CNS 
lesions compared to the two WT cohort controls 
(Figure 2C-G). EAE lesions such as myelinopathy and 
gliosis were present in the CNS in WT mice, whereas 
none of the Aicda KO histology sections revealed such 
severity. Together these data suggest that AID is a 
critical component of the development of EAE. 
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Table 1 . Incidence and disease induction in uMT- or AID- 
deficient mice. 





Dose 




Day of onset 


Peak MSOD 


Genotype 


(ug) 


Incidence 


(Ave ± SEM)* 


(Ave ± SEM)* 


uMT + /+ 


100 


100 (8/8) 


11.1 ± 1.1 


3.4 ± 0.2 


uMT - / - 


100 


25 (2/8) 


20** 


3** 


AID + /+ 


100 


100 (9/9) 


11.3 ± 0.6 


3.7 ± 0.2 


AID - / - 


100 


10 (1/10) 


16.5** 


4** 



♦Calculated only for those animals that received a disease score 
greater than or equal to 1 . 

**SEM not shown as number of animals in calculation is less than 3. 



Aicda KO mice do not show a defect in MOG-specific 
T cell response 

Helper T cells and IL- 1 7 play an important role in the 
development of EAE [44] . To determine whether the 
T cell arm is compromised in Aicda deficient mice, we 
examined T cell activation and effector function in the 
draining lymph nodes (dLN) of rhMOG-immunized 
animals. Draining LN cells were isolated from mice 
1 0 days after immunization with rhMOG. We did not 
observe any appreciable difference in the cellularity 
of WT or Aicda -I- dLNs (Figure 3 A, 41.1 ± 3.3 vs 
44.3 ± 8.9 millions,/; = 0.59). The relative frequency 



of CD4 + (15.6 ± 1.6 vs 19.6 ± 3.2, p = 0.21) and 
CD8 + T cells (14.1 ± 1.3 vs 14.0 ± 2.3, p = 0.92) 
was comparable between groups (Figure 4B 
top panels). 

Activated T cells up-regulate CD44 expression and 
down-regulate CD62L expression. To compare the 
activation states of CD4 + T cells, we stained 
CD4 + cells with CD44 and CD62L activation 
markers. We found a comparable population of 
CD44 hi CD62L 10 (21.2 ± 2.0 vs 20.9 ± 1.4 millions, 
£=0.81) and CD44 hi CD62L hi populations 
(11.8 ± 0.8 vs 10.3 ± 2.0 millions, p= 0.31) in WT 
and Aicda KO mice (Figure 4B lower panels). These 
studies suggest that the activation of CD4 + T cells is 
not affected in Aicda KO mice. To further test 
the function of T cells, dLN cells were re-stimulated 
with various doses of rhMOG or MOG 35 „55 peptide 
ex vivo. As shown in Figure 3C, dLN cells from both 
WT and Aicda KO mice produce substantial amounts 
of IL-17 in a dose-dependent manner to either 
rhMOG (left panel) or MOG 3 g_5 5 peptide (right 
panel) stimulation. In total, these data suggest 
that the resistance to disease induction observed in 
/Izcda-deficient animals is not due to changes in T cell 
activation or effector function. 




Figure 3. Similar state of T cell activation in draining lymph nodes and post antigenic stimulation. A, Total cell numbers in two DLNs of WT 
and Aicda KO mice. B, T cell activation is normal in Aicda KO mice. DLN cells were stained with CD4, CD8, CD44 and CD62L and 
analyzed by flow cytometry. C) Aicda KO mice do not show defect in the MOG-specific T cell IL-17 production. WTand Aicda KO mice were 
immunized with MOG and 10 days later, draining lymph node cells from mice were isolated and cultured with various concentrations of 
rMOG or MOG 3 5_g 5 peptide for 4 days and subsequently the supernatants were collected and analyzed by Luminex. 
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Figure 4. Characterization of anti-MOG antibodies using ELISA at day zero and 28. A) IgG anti-rhMOG, B) IgM anti-rhMOG, C) IgG 
anti-MOG peptide 35-55, D) IgM anti-MOG peptide 35-55. Mixed day 28 sera of WTor KO immunized mice were used as standard 
(arbitrarily defined as 1 00 U) for IgG or IgM antibodies, respectively. E) IgM binding to rhMOG coated at different concentrations . Sera from 
8 mice were pooled for each of the following sample sets: Day 0 WT, Day 0 KO, Day 28 WT, and Day 28 KO. Pooled mice sera IgM Abs 
normalized at 0. 1 mg/ml in the assay. Anti-mouse IgM was used as detection to exclusively measure the binding of IgM antibodies in serum. 



High affinity IgG anti-MOG auto-antibodies are only 
abundant in WT animals 

AID is essential for both affinity maturation 
and isotype switching. We measured the level of 
MOG-specific IgG or IgM auto-antibodies in WT 
and ^4zc<ia-dencient mice. We found that WT mice 
produced a substantial amount of IgG against rhMOG 
(Figure 4A) and MOGp35-55 (Figure 4C) 28 days 
after immunization. As expected, the levels of IgG 
against rhMOG and MOGp35-55 in ^4zc<ia-dencient 
mice were below the limit of detection as these 
mice are unable to undergo class switch recombina- 
tion [20]. In contrast, WT mice produced only a 
small amount of IgM against rhMOG (Figure 4B) or 
MOGp35-55 (Figure 4D), whereas ;4z'c<ia-dencient 
mice interestingly produced more IgM antibodies 
against rhMOG and MOGp35-55. 



We then determined how well WT or IgM anti- 
MOG antibodies bind to rhMOG at limiting 
concentrations to gain further insights into the affinity 
and abundance of these antibodies. Our results 
confirmed the ELISA study that WT mice produced 
only a small amount of IgM Abs against rhMOG 
whereas Aicda KO have substantially higher amount of 
anti-MOG antibodies (Figure 4E) . It is possible that a 
large fraction of rhMOG-specific antibodies from WT 
mice might have class-switched to IgG isotype, 
whereas this process is defective in Aicda-d&ficitnt 
mice resulting in expansion of MOG specific germline 
encoded antibodies which might also have higher 
affinity. Although the total IgM Abs in mouse serum 
has been normalized, we cannot rule out that the 
starting anti-MOG specific antibodies are the same 
across different groups. Our data suggests that IgM 
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anti-MOG antibodies in WT mice do not appear to be 
a major source of pathogenic antibodies since similar 
abs are even more represented in the Aicda KO group. 

To better document the specificity, binding proper- 
ties and the isotype of the anti-MOG autoantibodies, 
surface plasmon resonance (SPR) analysis was used. 
SPR uses a continuous flow technology to monitor the 
progress of biomolecular interactions in real time. 
An rhMOG specific binding response was detected 
in WT immunized animals and this signal could be 
inhibited with soluble rhMOG protein (Figure 5A). 
The majority of this binding was mediated by IgGl 
class of anti-MOG antibodies (Figure 5B). Thus IgGl 
anti-MOG high affinity auto-antibodies are highly 
abundant in WT mice that might be the major source 
of pathogenic antibodies. 
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Figure 5. Surface plasmon resonance (SPR) analysis of serum 
antibody binding to MOG. A. SPR sensorgrams of serum samples 
binding to sensor immobilized MOG. Serum from 8 mice were pooled 
for each of the following sample sets: Day 0 WT, Day 0 KO, Day 28 
WT, and Day 28 KO. Start and stop injection times are indicated by 
arrows. Day 28 WT serum showed the highest binding response, and 
the majority of this binding signal could be competed with soluble 
MOG (2 uM) preincubated with the serum sample before injection. 
B. Detection of the major binding isotype in Day 28 WT serum. 
Subsequent injections of three anti-isotype antibodies were used to 
probe the MOG bound component. Start and stop injection times are 
indicated by arrows for each sample (Day 28 WT serum, anti-mlgM, 
anti-mIgG2a and anti-mlgGl). The data indicate that the majority 
of the binding signal is specific to IgGl. No background binding 
of anti-mlgGl to MOG alone was detected (data not shown). 



Myelin-specific IgGl and not IgM autoantibodies strongly 
bind to myelin tissue in CNS 

To better understand the in vivo properties of the 
IgGl or IgM autoantibodies observed, we asked 
whether or not these antibodies could recognize and 
bind CNS tissues [12,37]. We performed indirect 
immunofluorescence assays using SCID brain tissue 
(to avoid the interference with endogenous immuno- 
globulin). Intriguingly, sera derived from EAE 
affected Aicda wt or uMT wt mice produced strong 
signal in the white matter when probed with anti- 
IgGl, indicating the presence of isotype switched 
autoantibodies targeting white matter myelin in these 
mice (Figure 6) . By contrast, white matter signal was 
virtually absent in Aicda. ko or uMT.ko mice, 
reflecting the absence of IgG, including myelin- 
specific autoantibodies, in these animals. 

Normal mouse serum (i.e., derived from healthy, 
not EAE induced mice) yielded weak background 
signal, clearly different from the signal achieved with 
EAE derived serum. When examined for binding of 
IgM, brain sections probed with sera from MOG 
induced mice had similar signal distribution and low- 
level intensity regardless of genotype and comparable 
to normal mouse serum, indicating that IgM do not 
contribute to the pathogenesis of EAE in this model. 
This data suggests that the high affinity IgGl anti- 
myelin antibodies play an important role in EAE and 
the absence of these high affinity IgGl anti-MOG 
antibodies in Aicda deficient mice may contribute to 
the resistance in disease induction as supported by 
other studies [9,12,13,45]. 



Discussion 

We report that ^h'aia-deficient mice are protected 
against rhMOG-induced EAE in a manner similar to 
B cell-deficient (uMT) mice, supporting the hypoth- 
esis that high affinity isotype switched B cells and/or 
antibodies play a critical role in the EAE pathogenesis. 
uMT mice have a block in early B cell development 
and lack mature B cells due to a targeted disruption of 
the transmembrane IgM heavy chain [46] . In contrast, 
naive B cells are present in the ^h'cc/a-deficient mice; 
AID-deficient B cells are only defective in SHM and 
CSR [20]. Given the SHM/CSR specific defects 
in the Aicda -deficient mice, our results have broad 
implications for the role of B cells in autoimmunity 
and therapeutic interventions aimed at different 
subsets of B cells. 

Antigen specific mature B cells are important 
modulators of the immune response. First, B cells are 
highly sensitive APC compared to other professional 
APCs due to selective recognition of antigen through 
the B cell receptor and may be the first APCs to capture 
and present self-antigens to T cells [3]. Second, 
activated B cells also produce cytokines and membrane 
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Figure 6. Indirect fluorescence for binding of serum antibody to normal brain tissue. Serum from EAE affected WT mice show diffuse, 
strong white matter associated signal consistent with the presence of MOG specific IgGl. By contrast, corresponding signal is absent using 
serum from MOG induced KO mice, or healthy controls. There is no difference of signal intensity or distribution for IgM binding to brain, 
regardless of MOG induction or genotype. Representative images are shown. 



associated molecules that provide cognate help to 
modulate the inflammatory response [4,5]. Finally, 
secreted auto-antibodies may mediate tissue damage 
[6-13]. High affinity B cell receptor or auto-antibodies 
that are isotype switched may impact all aspects of 
B cell functions outlined above; however, our data is 
consistent with the hypothesis that the resistance in 
^4zciia-deficient animals may be mediated primarily by 
the lack of high affinity pathogenic auto-antibodies. 

Our in vitro T cell functional studies suggest that 
the protection observed in Aicda-deficient animals is 
not due to a defect in T cell activation or effector 
function. Thus there is not a defect in T cell priming in 
the Aicda deficient animals. In this context, the BCR- 
mediated antigen recognition or processing does not 
appear to profoundly affect T cell function however 
further studies in different anatomical locations are 
needed to rule this possibility out. For example, access 
of neoantigen is limited in the CNS and autoanti- 
bodies could facilitate B cell APC function in CNS via 
opsonization of the neoantigens [47] . 

The pathogenic role of autoantibodies in rhMOG 
induced EAE has been established [9,12,13,45]. 
These auto-antibodies may enhance demyelination 
[6-9,12,13,45], affect trafficking of encephalitogenic 
T cells into the CNS [45,47] or impact immune 
regulation [4,48] . Although IgM anti-MOG antibodies 
are detected in WT and Aicda KO mice, these 
antibodies in both groups do not appear to be of 
high affinity based on our MOG antigen binding 
studies and immunofluorescence on brain tissue. Our 
competition binding measurements show that a major 
portion of the high affinity anti-MOG antibodies is 
IgGl that are completely absent in the. Aicda KO mice. 

The WT IgGl antibodies are generated from 
antigen experienced activated B cells and therefore 
usually selected as high affinity antibodies. Accord- 
ingly, we show that white matter binding IgGl can be 
demonstrated by indirect fluorescence in the serum of 



EAE affected WT animals, whereas such antibodies 
are not present in normal mouse serum or serum of 
MOG immunized Aicda KO mice. This is consistent 
with rhMOG induced EAE where autoantibodies can 
exacerbate disease [9,45]. 

An interesting observation from this study is that 
IgM anti-MOG antibodies are even more abundant in 
Aicda KO mice than WT The exact role of the 
unmutated pool of antibodies is unclear, but others 
have proposed that unmutated germ-line encoded 
IgM antibodies might play a protective role by clearing 
apoptotic cells and/or antigens from injury sites to 
minimize inflammation or autoimmunity [49-55]. It 
is important to note that in addition to its use in 
immune deficiencies, intravenous immunoglobulin 
therapy is used in the treatment of several inflamma- 
tory conditions, including Kawasaki disease, derma- 
tomyositis and antineutrophil cytoplasmic antibody 
(ANCA)-positive vasculitis [56]. 

In experimental models, the therapeutic benefit of 
pooled intravenous IgM for immune-mediated 
inflammatory diseases such as experimental auto- 
immune uveitis, experimental multiple sclerosis 
and experimental myas thenia gravis has been esta- 
blished [55]. In addition, transgenic mice engineered 
to produce high titers of auto-antibodies against MOG 
have an exacerbated form of EAE [45,57] and MS 
patients have a higher prevalence of IgG switched, 
but not IgM isotype, anti-MOG antibodies than 
healthy controls [17] . Additional studies are needed to 
address how precisely B cell function is altered in 
Aicda KO mice in the context of the autoimmunity 
experimental models. 

The contribution of B cells in EAE model has been 
controversial and part of this is due to the nature of the 
antigen that is used to invoke the autoimmune 
response. Properly folded recombinant human MOG 
assumes a three dimensional conformation and 
contains diverse epitopes that may facilitate B cell 
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specific activation [58]. In contrast, MOG peptide 
35-55 mimics a linear epitope that can directly bind 
to MHC class II on any APC to induce EAE [59]. 
Correspondingly, B cells do not appear to play a major 
role in induction or maintenance of MOG peptide 
35-55 induced EAE, as both B cell deficient (uMT) 
[60] and^'cifa-deficient mice were equally susceptible 
in this model [61]. Therefore the selection of the 
appropriate EAE model is important when interrogat- 
ing the contribution of various cell types such as B or 
T lymphocytes. 

Although considerable work needs to be performed 
to better understand the mechanisms by which B cells 
influence autoimmune diseases, clinical data is 
suggesting an important role for B cells in human 
patients (reviewed in [2,62]). The elucidation of how 
AID dependent processes contribute to MS patho- 
genesis ultimately will help with the design of better 
treatments for MS and other inflammatory diseases by 
investing on druggable pathways or molecules that 
modulate relevant B cell functions. 
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